TiVN films were deposited on Si(100) wafers without external heating and biasing by reactive dc magnetron co-sputtering. Titanium and vanadium metals were used as sputtering targets. Ar and N 2 gases were used as sputtering gas and reactive gas, respectively. The flow rates of Ar and N 2 were 8 and 4 sccm, respectively. The Ti sputtering current (I Ti ) was kept constant at 0.6 A and V sputtering current (I V ) was varied from 0.4 to 1.0 A. The deposition time for all the deposited films was 30 min. The effects of V sputtering current on the structure, surface and cross-sectional morphologies, and chemical composition and chemical state of the films were investigated by X-ray diffraction (XRD), atomic force microscopy (AFM) and field emission scanning electron microscopy (FE-SEM), and X-ray photoelectron spectroscopy (XPS), respectively. It was found that all the prepared film formed (Ti,V)N solid solution. The lattice parameter was found to decrease while crystallite size, RMS roughness and film thickness increased with increasing V sputtering current. High resolution XPS spectra of the Ti 2p, V 2p and N 1s revealed that the fraction of Ti-N and V-N bonds increased as the V sputtering current increased. However, the V-N bond was observed only at a high V sputtering current.
Introduction
Ternary transition metal nitrides have been attracting great interest for applications as hard protective coating materials due to their high hardness, good wear resistance and excellent corrosion protection [1] [2] [3] . In the past two decades, Ti-based ternary nitrides such as (Ti,Al)N [4] [5] [6] , (Ti,Zr)N [4, 7] , (Ti,V)N [4, 8] and (Ti,Nb)N [9] have been extensively investigated. In recent years, Crbased ternary nitrides such as (Ti,Cr)N [10] [11] [12] [13] , (Cr,Al)N [14] [15] [16] [17] [18] , (Cr, Zr)N [2, 3] , (Cr,Si) [19] and (Cr,W)N [20] have been gaining greater attention.
However, only a few studies on (Ti,V)N have been reported in the literature. Konig [21] reported on the deposition of VTiN film on cemented carbide tools by magnetron sputtering. The structure, wear resistance test and performance in cutting test were also reported. Hasegawa et al. [4] deposited (Ti,V)N film on cemented carbide by the ion plating method and investigated on microhardness, lattice parameter and morphology. Ichimiya et al. [8] deposited (Ti,V)N films on WC-Co substrates using the cathodic arc ion plating method and reported on the structure, hardness and cutting performance of the films. In this paper, we report the effects of vanadium sputtering current on the structure, surface morphology, chemical composition and chemical state of TiVN films deposited by reactive dc magnetron co-sputtering.
Experiment

Films Preparation
TiVN films were deposited on Si(100) wafers without additional heating and biasing of the substrates by a home-made reactive dc magnetron co-sputtering system. Before loading the substrates into the vacuum chamber, they were washed by trichloroethylene, acetone and isopropyl alcohol using ultrasonic cleaner each sequentially for 10 min and then dried by purging of nitrogen. Titanium (99.97%) and vanadium (99.97%) metals were used as sputtering targets. Ar (99.99%) and N 2 (99.99%) gases were used as sputtering gas and reactive gas, with the flow rates of 8 and 4 sccm, respectively. The target to substrate distance for both targets was 13 cm. A diffusion pump accompanied with a rotary pump was used to achieve the base pressure of 5.0 × 10 −5 mbar. Prior to each deposition, the targets were presputtered for 5 min in order to remove the contaminants from the target surfaces. The Ti sputtering current was kept constant at 0.6 A while V sputtering current was varied from 0.4 to 1.0 A. The deposition conditions for TiVN coatings are summarized in Table 1 .
Characterization
The crystalline structure of the TiVN films was investigated by X-ray diffraction (XRD: Rigaku, Rint 2000) using CuKα radiation operated at 40 kV and 40 mA. The XRD patterns were recorded at grazing incidence angle of 3˚ in the 2 range of 20˚ to 80˚ with a scanning rate of 2˚/min. The crystallite size was determined from Scherrer's formula. The surface roughness was observed by atomic force microscopy (AFM: Veeco Instrument, Nanoscope IV) in a scanning area of 1 × 1 μm 2 . The crosssectional morphology was investigated using field emission scanning electron microscopy (FE-SEM: Hitachi, S-4700).
The atomic concentration of elements of TiVN films was determined by X-ray photoelectron spectrometry (XPS: Kratos, AXIS Ultra DLD). The quantitative analysis was carried out by a wide scan spectrum of the film surface. Before spectrum acquisition, the film surface area of 2  2 mm 2 was cleaned by Ar + ions with an energy of 4 keV and a current of 50 A for 60 sec to remove contaminants. Then, the film surface area of 300  700 m 2 was excited by monochromatic Al K X-ray with a photon energy of 1486.6 eV. The photoelectrons emitted from the film surface were analyzed by a hemispherical analyzer with a pass energy of 80 eV. The energy range of the spectrum recording was 0 -1200 eV. During the XPS analysis, the working pressure was maintained at 6.67  10 −7 Pa. After background substraction, the peak areas of Ti 2p, V 2p, N 1s and O 1s core levels were used to determine the atomic concentrations of these elements. Figure 1 shows the XRD patterns of the TiVN films de- Target to substrate distance (cm) 13
Results and Discussion
Crystalline Structure
Deposition time (min) 30
Ar flow rate (sccm) 8 posited at various V sputtering currents of 0.4, 0.6, 0.8 and 1.0 A. Reference peaks of fcc B 1 type structure of TiN and VN were marked according to JCPDS file numbers 87-0633 and 89-5265, respectively. It was clearly observed that the diffraction peaks of TiVN located between the peak positions of TiN and VN suggesting that all the prepared TiVN films exhibited crystalline structure of fcc that similar to the lattice structure of TiN and VN. The TiVN films show strong (111) preferred orienttation. Moreover, the (111) peak intensity increased with increasing V sputtering current indicating the increase in crystallinity and thickness of the films.
It was also observed that the position of diffraction peaks gradually shifted toward the higher diffraction angles as the V sputtering current increased. This result led to the decrease in lattice parameter from 0.418 to 0.416 nm for (111) peak when the V sputtering current was increased from 0.4 to 1.0 A as shown in Figure 2 . The lattice parameter (a) was determined using Bragg's law and the plane-spacing equation,
and the results are given in Table 2 . The decrease in lattice parameter indicated that Ti atoms with a larger atomic radius (r Ti = 0.140 nm) were replaced by smaller V atoms (r V = 0.135 nm) and (Ti,V)N solid solution was formed
The crystallite size of the films was determined from the Scherrer's formula. The crystallite size obtained from (111) peak is given in Table 2 . It is seen that the crystallite size increased from 20.13 to 23.99 nm corresponding to the increase in intensity of (111) peak. Table 2 . It was observed that the RMS roughness increased from 3.73 to 6.45 nm as the V sputtering current was increased from 0.4 to 1.0 A. Figure 4 shows FE-SEM cross-sectional images of the TiVN films. All the films show columnar structure which corresponded to the Zone 2 in the Thornton's structure zone model. It was observed that as the V sputtering current increased, the columnar width increased and resulted in the increase of the lateral grain size. This result is in good agreement with XRD result as discussed earlier in previous section. The thicknesses of the films as determined from the images in Figure 4 are given in Table 2 . It was observed that the thickness of the films increased from 267 to 461 nm when V sputtering current was increased from 0.4 to 1.0 A corresponding to the increase in intensity of (111) peak. Table 3 shows the atomic concentration of elements of the TiVN films as investigated by XPS. The V content (x value) and N content (y value) are also given in Table 3 . It is seen that the V content increased from 0.31 to 0.65 when the V sputtering current was increased from 0.4 to 1.0 A whereas the N content remained constant at a value of approximately 1.28. The constant of N content in the films is due to the low N affinity of V atom that led to less incorporation of N atoms in the films [22] . The N/(Ti + V) ratio is more than 1 suggested that all the films prepared in this study showed over-stoichiometry. It is noted that oxygen (approx. 10 at.%) is present in all films. It is possibly due to residual oxygen in the XPS chamber and the exposure of the films to the air ambient before the XPS analysis. Figure 5 shows the high resolution XPS core level spectra of the Ti 2p, V 2p and N 1s of the TiVN films deposited at different V sputtering currents. The raw XPS spectra of the Ti 2p, V 2p and N 1s in Figure 5 were fitted using the Gaussian profile to obtain smooth curves. Then, the smooth curves were deconvoluted using the Gaussian curve fit after applying Shirley-type background substraction to extract the chemical bonds. and N 1s of the TiVN films deposited at different V sputtering currents.
Surface and Cross-Sectional Morphologies
Chemical Composition
Chemical State
The binding energy (BE) of Ti 2p 3/2 ,V 2p 3/2 and N 1s peaks are summarized in Table 4 . It was observed that the BE of Ti 2p 3/2 and V 2p 3/2 peaks shifted towards the higher BE as the V content in the film increased. This peak shift indicated that there was a change in the Ti and V bonds from pure Ti-Ti bonds to Ti-N bonds and from pure V-V bonds to V-N bonds as shown in Figure 6 (a) and (b), respectively. As shown in Figure 6 , the Ti 2p 3/2 and V 2p 3/2 could be decomposed into four peaks while the N 1s could be decomposed into two peaks. These peaks were compared with standard XPS database obtained from Ref. [23] and corresponding chemical bonds were assigned. Table 5 shows the BE of all peak positions and corresponding chemical bonds. The relative fraction of bonding type contributing to XPS spectra can be determined by calculating the area under the deconvoluted peaks and the results are summarized in Table 5 . The plots between the bond fraction and V sputtering current are shown in Figure 7 .
Considering the N-N and N-metal (N-Ti plus N-V) bonds obtained from the deconvolution of N 1s spectra. It can be seen that the fraction of N-N bonds decreased while that of N-metal bonds increased with increasing V sputtering current. From Table 5 and Figure 7 , pure Ti-Ti bond was observed only at V sputtering current, I V = 0.4 A and changed to T-N bond as I V was increased. As a result, the Ti p 3/2 peak shifted from 453.85 eV (Ti-Ti bonds) to the higher BE of 454.29-455.22 eV (T-N bonds). In addition, pure V-V bond was observed at I V =0.4, 0.6, 0.8 and 1.0 A and partly changed to V-N bond at I V =0.8 and 1.0 A. Hence, the V 2p 3/2 peak shifted from 512.15-512.61 eV (V-V bonds) to the higher BE of 514.29 eV (V-N bonds).
As seen in Figures 6 and 7 , a small fraction of V-N bond was observed only at high V sputtering currents of 0.8 and 1.0 A. This result indicating that V atom has low affinity with N atom which is consistent with constant of N content in the films as shown in Table 3 . Moreover, the summation of fractions of Ti-N and V-N bonds should be equal to the fraction of N-metal bonds. However, from Figure 7 the summation of Ti-N and V-N bond fractions is much less than that of N-metal. This is due to the bond fractions contributed from Ti 2p 1/2 and V 2p 1/2 were not included in the bond fraction values as shows in Table 5 . It is noted that the Ti-O and V-O bonds with rather high fraction can be observed for all the deposited TiVN films. This result confirms the presence of oxygen with high concentration of approximately 10 at.% in all films as shown in Table 3 .
Conclusion
TiVN films were successfully deposited on Si(100) wafers at room temperature by reactive dc magnetron cosputtering. The Ti sputtering current was fixed at 0.6 A whereas V sputtering current was varied from 0.4 to 1.0 A. The effects of vanadium content on the structure and chemical state of the deposited films were investigated by XRD, FE-SEM and XPS. The XRD and XRS results revealed that all the prepared films formed (Ti,V)N solid solution. Furthermore, the deconvolution spectra of Ti 2p, V 2p and N 1s revealed the type of bonding and the bond fraction in the films. This study led to more understanding of the structure and bonding type as vanadium content in TiVN films increased.
